Abstract-Dipeptidyl peptidase-IV inhibitors improve glucose homeostasis in type 2 diabetics by inhibiting degradation of the incretin hormones. Dipeptidyl peptidase-IV inhibition also prevents the breakdown of the vasoconstrictor neuropeptide Y and, when angiotensin-converting enzyme (ACE) is inhibited, substance P. This study tested the hypothesis that dipeptidyl peptidase-IV inhibition would enhance the blood pressure response to acute ACE inhibition. Subjects with the metabolic syndrome were treated with 0 mg of enalapril (nϭ9), 5 mg of enalapril (nϭ8), or 10 mg enalapril (nϭ7) after treatment with sitagliptin (100 mg/day for 5 days and matching placebo for 5 days) in a randomized, cross-over fashion. Sitagliptin decreased serum dipeptidyl peptidase-IV activity (13.08Ϯ1.45 versus 30.28Ϯ1.76 nmol/mL/min during placebo; PՅ0.001) and fasting blood glucose. Enalapril decreased ACE activity in a dose-dependent manner (PϽ0.001). Sitagliptin lowered blood pressure during enalapril (0 mg; Pϭ0.02) and augmented the hypotensive response to 5 mg of enalapril (Pϭ0.05). In contrast, sitagliptin attenuated the hypotensive response to 10 mg of enalapril (Pϭ0.02). During sitagliptin, but not during placebo, 10 mg of enalapril significantly increased heart rate and plasma norepinephrine concentrations. There was no effect of 0 or 5 mg of enalapril on heart rate or norepinephrine after treatment with either sitagliptin or placebo. Sitagliptin enhanced the dose-dependent effect of enalapril on renal blood flow. In summary, sitagliptin lowers blood pressure during placebo or submaximal ACE inhibition; sitagliptin activates the sympathetic nervous system to diminish hypotension when ACE is maximally inhibited. This study provides the first evidence for an interactive hemodynamic effect of dipeptidyl peptidase-IV and ACE inhibition in humans. (Hypertension. 2010;56:728-733.)
S
elective dipeptidyl peptidase-IV (DPP-4) inhibitors improve glycemic control in patients with type 2 diabetes by decreasing degradation of incretin hormones. 1, 2 The incretin hormones glucagon-like peptide-1 and glucose-dependent insulinotropic peptide augment nutrient-mediated insulin release. 3 Glucagon-like peptide-1 also promotes endotheliumdependent vasodilation in the human vasculature in subjects with type 2 diabetes and stable coronary artery disease. 4 In addition to preventing the degradation of glucagon-like peptide-1 and glucose-dependent insulinotropic peptide, DPP-4 inhibitors prevent the degradation of other peptides with a penultimate proline (or alanine) including substance P and the neurotransmitter neuropeptide Y. By altering the degradation of vasoactive substances, DPP-4 inhibitors have the potential to affect blood pressure. Two groups have reported a blood pressure-lowering effect of the DPP-4 inhibitor vildagliptin in clinical trials, 5, 6 whereas Jackson et al have reported that DPP-4 inhibition increases blood pressure in the spontaneously hypertensive rat model. 7 High blood pressure is prevalent among patients with insulin resistance and type 2 diabetes. DPP-4 inhibitors could thus affect blood pressure in clinical trials by interacting with antihypertensive medications and, in particular, angiotensinconverting enzyme (ACE) inhibitors. ACE inhibition prevents the carboxy-terminus degradation of bradykinin and substance P. When ACE is inhibited, bradykinin is inactivated primarily by aminopeptidase P, but substance P is cleaved at its amino-terminus and inactivated by DPP-4. For this reason, inhibiting both DPP-4 and ACE may be expected to promote the effects of substance P.
ACE inhibitors improve morbidity and mortality in diabetic patients 8 -10 and are widely used for the treatment of hypertension in this patient population. Thus, understanding the interactive effect of ACE and DPP-4 inhibitor on blood pressure could have a major clinical impact. This study tested the hypothesis that pretreatment with the DPP-4 inhibitor sitagliptin would potentiate the acute decrease in blood pressure in response to the ACE inhibitor enalapril in subjects with metabolic syndrome.
Methods
Subjects with the metabolic syndrome (National Cholesterol Education Program criteria) 11 participated in a prospective, double-blind, randomized, placebo-controlled, parallel group cross-over study ( Figure 1 ). The study was performed according to the Declaration of Helsinki after being approved by the Vanderbilt University institutional review board, and all patients gave written informed consent.
Antihypertensive medications were withdrawn 3 weeks before the study. Each subject was studied 2 times per research protocol ( Figure  1 ). Subjects were randomized to receive sitagliptin (100 mg/day) or placebo for 5 days before each of 2 study days in a cross-over fashion. Subjects were further randomized in parallel to receive an acute dose of placebo (group A, called enalapril 0 mg throughout the remainder of the article to avoid confusion with the placebo for sitagliptin), enalapril 5 mg (group B), or enalapril 10 mg (group C) on each study day. Subjects were provided a normal sodium diet (160 mmol/day) for 3 days before each study day, a 24-hour urine specimen for measurement of sodium excretion the day before each study day was collected, and subjects fasted overnight.
At 7:30 AM each study day, blood pressure and heart rate were measured 3 times, 2 minutes apart. Subjects were given an 8 mg/kg loading dose of para-aminohippurate followed by continuous infusion of 12 mg/min for the duration of the study to measure renal plasma flow (RPF). One hour after initiation of para-aminohippurate, subjects were given their oral study medications (time 0). Blood was obtained via indwelling venous catheter just before study drug administration and hourly thereafter for 8 hours. Subjects fasted for the duration of the study day.
The primary end point was blood pressure. Blood pressure and heart rate were measured every 5 minutes during the study using an automated blood pressure cuff (Dinamap; Critikon); the 6 preceding measurements were averaged each hour. Secondary measures were ACE activity, DPP-4 activity, glucose, insulin, RPF, aldosterone, and catecholamines. RPF was calculated based on steady-state para-aminohippurate concentrations as described previously. 12 Although biomarkers were measured hourly for the 8-hour study, we present the values at baseline and maximal response (6 hours) in the response table for simplicity.
Statistical Methods
Data are presented as meansϮSD. General linear model repeatedmeasures ANOVA was used to evaluate the effect of sitagliptin (within-subject variable) or ACE inhibitor dose group (betweensubject variable) on blood pressure, heart rate, and other parameters over time. Tertile of body mass index, gender, or hypertension were included as a between-subject variable as appropriate. Post hoc analyses were conducted using a paired t test. A 2-sided P value Ͻ0.05 was considered significant. Statistical analyses were performed using SPSS software v.17.0 (SPSS Inc.).
Results

Baseline Patient Characteristics
Baseline characteristics appear in Table 1 and Supplemental  Table I (available online at http://hyper.ahajournals.org). For acute study drug, 9 subjects received 0 mg enalapril, 8 subjects received 5 mg enalapril, and 7 subjects received 10 mg enalapril ( Figure 1 ; study protocol). There were no adverse effects of the combination of sitagliptin and enalapril in this acute study. 
Effect of Treatment on DPP-4 Activity and ACE Activity
Sitagliptin pretreatment decreased DPP-4 activity compared with placebo (Table 2) . ACE activity decreased in a dosedependent manner 6 hours after treatment with 5 mg and 10 mg of enalapril (Table 2) . Baseline ACE activity trended higher in the enalapril 5 mg group (Pϭ0.08). Although there was a trend toward lower baseline ACE activity during sitagliptin compared with placebo (giving a significant sitagliptinϫenalapril doseϫtime term), sitagliptin did not affect ACE activity after enalapril. Likewise, there was no effect of enalapril on DPP-4 activity.
Influence of Treatment on 24-Hour Urine Sodium Excretion, RPF, and Aldosterone
Twenty-four hour urine sodium excretion was statistically similar during sitagliptin and placebo. Sitagliptin alone did not affect RPF (Table 2 ). ACE inhibition increased renal blood flow, and there was an interactive effect of sitagliptin and enalapril on renal blood flow (Table 2 ). There was a significant dosedependent increase in RPF in response to enalapril during sitagliptin (maximal change in RPF over time, 169.8Ϯ204.4, 280.6Ϯ244.7, and 456.3Ϯ282.4 mL/min/1.73 mol/L 2 after 0 mg, 5 mg, and 10 mg, respectively; Pϭ0.02); this was not significant during placebo (maximal change in RPF over time 222.7Ϯ126.8, 260.6Ϯ237.6, and 375.8Ϯ107.4 mL/min/1.73 mol/L 2 after 0 mg, 5 mg, and 10 mg, respectively). Enalapril decreased aldosterone concentrations in a dosedependent manner (Table 2) . Sitagliptin did not alter the aldosterone response to acute ACE inhibition.
Influence of Sitagliptin on Glucose and Insulin Concentrations
Glucose concentrations were significantly lower at baseline with sitagliptin (mean baseline for all 3 groups 96.3Ϯ6.5 mg/dL versus 101.3Ϯ9.0 mg/dL with placebo; Pϭ0.04). Glucose concentrations decreased significantly over time during the study days (from 101.3Ϯ9.0 to 89.0Ϯ6.3 mg/dL with placebo and from 96.3Ϯ6.3 to 89.5Ϯ5.3 mg/dL with sitagliptin; PϽ0.001; Table 2 ). There was no effect of enalapril dose on glucose (Table  2) . Although insulin concentrations decreased significantly during the study, there was no effect of sitagliptin on insulin concentrations (Table 2) . 
Influence of Sitagliptin on Hemodynamic Effects of Acute ACE Inhibition
Sitagliptin did not affect baseline blood pressure (mean arterial blood pressure [MAP] 97.1Ϯ12.8 mm Hg during sitagliptin versus 95.3Ϯ12.7 mm Hg during placebo). There was an interactive effect of sitagliptin and ACE inhibitor dose on change in MAP (Pϭ0.008 for sitagliptinϫenalapril dose; Figure 2 ). Sitagliptin enhanced the decrease in MAP in response to 0 mg of enalapril (Pϭ0.02; Figure 2A ) and 5 mg of enalapril (Pϭ0.05; Figure 2B ). In contrast, sitagliptin prevented the decrease in MAP with 10 mg of enalapril (Pϭ0.02 for sitagliptin effect; Figure 2C ). The net effect was that there was a dose-dependent effect of enalapril on blood pressure during placebo (mean change in MAP 2.7Ϯ2.1, Ϫ0.9Ϯ2.5, and Ϫ7.9Ϯ2.4 mm Hg during 0 mg, 5 mg, and 10 mg of enalapril, respectively; Pϭ0.02 for dose effect) but not during sitagliptin (mean change in MAP Ϫ2.3Ϯ2.0, Ϫ5.7Ϯ2.2, and Ϫ0.9Ϯ2.3 mm Hg during 0 mg, 5 mg, and 10 mg enalapril; Pϭ0.38).
There was no effect of sitagliptin on baseline heart rate. There was a significant interactive effect of sitagliptin and enalapril (Pϭ0.03 for sitaϫenalapril doseϫtime) on heart rate. Heart rate increased significantly in response to 10 mg of enalapril during sitagliptin but not during placebo ( Figure  3A) . Heart rate did not change in response to 0 mg or 5 mg of enalapril during either placebo or sitagliptin.
There was a significant interactive effect of sitagliptin and enalapril (Pϭ0.02 for the interaction) on plasma norepinephrine concentrations. During sitagliptin, plasma norepinephrine increased significantly in response to 10 mg of enalapril but not in response to 0 mg or 5 mg of enalapril. There was no effect of any dose of enalapril on norepinephrine concentrations during placebo ( Figure 3B ).
Discussion
Using the DPP-4 inhibitor sitagliptin, this study tested the hypothesis that DPP-4 inhibition would augment the blood pressure-lowering effect of acute ACE inhibition in subjects with the metabolic syndrome. We found that during placebo (0 mg of enalapril) and low-dose ACE inhibition (5 mg of enalapril), sitagliptin lowered blood pressure. However, this trend was reversed during higher-dose acute ACE inhibition (10 mg of enalapril). Further, sitagliptin increased heart rate in subjects treated with the higher dose of enalapril. During sitagliptin, norepinephrine concentrations also increased significantly after the higher dose of enalapril. These data suggest that activation of the sympathetic nervous system counteracts the antihypertensive effect of maximal ACE inhibition during sitagliptin.
DPP-4 inactivates substance P when ACE is inhibited. Substance P acts as a vasodilator but also increases sympathetic outflow. 13 In addition to glucagon-like peptide-1, glucose-dependent insulinotropic peptide, and substance P, DPP-4 also cleaves neuropeptide Y 1-36 (NPY ), converting it to neuropeptide Y 3-36 (NPY ). NPY 1-36 is a Y 1 -receptor agonist released from sympathetic nerves. NPY causes vasoconstriction, whereas Y 3-36 is a selective Y 2 -receptor agonist without effect on vascular tone. 14 Thus, during high-dose ACE inhibition and DPP-4 inhibition, activation of the sympathetic nervous system by substance P and decreased degradation of NPY 1-36 may offset decreased degradation of vasodilatory peptides.
Consistent with our findings in humans, Jackson et al reported that treatment of spontaneously hypertensive rats with sitagliptin reduces blood pressure in the absence of ACE inhibitor but increases blood pressure during high-dose ACE inhibition. 7 This effect was blocked by a ganglionic blocker. 7 Moreover, Boschmann et al reported that vildagliptin augmented plasma norepinephrine concentrations in human subjects before and after a mixed-meal test. 15 Interestingly, although subjects in the Boschmann study were not on ␤-adrenoreceptor blockers, other antihypertensive medications were allowed at stable doses; thus, presence of ACE inhibitors was permitted, although not specifically reported. Together, these 3 studies suggest that during maximal ACE inhibition, sitagliptin enhances activation of the sympathetic nervous system.
In addition to causing activation of the sympathetic nervous system, sitagliptin has been reported to increase the interactive effect of sympathetic activation and angiotensin II on renal perfusion pressure during constant flow in isolated kidneys from hypertensive rats. 14 In contrast, in our study, sitagliptin enhanced the renal vasodilatory effect of enalapril, reflecting the fact that the formation of angiotensin II was blocked.
Enalapril decreased ACE activity in a dose-dependent manner, and sitagliptin did not alter ACE activity during enalapril, indicating that the interactive effect of sitagliptin and enalapril on blood pressure could not be attributed to attenuation of ACE inhibition by sitagliptin. Likewise, enalapril did not alter DPP-4 activity or glucose. Although there was an apparent interactive effect of enalaprilϫ sitagliptinϫtime, this reflected slight differences in baseline glucose among the 3 experimental groups. Baseline glucose concentrations were lower during sitagliptin versus placebo, consistent with the known hypoglycemic effects of DPP-4 inhibition. 1 A lack of effect of sitagliptin on insulin concentrations is consistent with previous studies showing increased proinsulin to insulin ratio as well as improved homeostasis model assessment-␤ measure but no difference in fasting insulin concentrations. 1 This study has limitations. First, we studied the effect of sitagliptin on the hypotensive response to acute ACE inhibition. The effect of DPP-4 inhibition on the hypotensive response to chronic ACE inhibition requires additional study. Second, we studied a limited dose range of ACE inhibition with the once-daily dosing and only 5 and 10 mg. Third, studying subjects on different ACE doses in parallel rather than in cross-over fashion may limit generalizability of the findings. Finally, we studied subjects with the metabolic syndrome in the fasting state and therefore may have missed an interactive effect of DPP-4 and ACE inhibition on postprandial glucose. We studied subjects with the metabolic syndrome to avoid any confounding effect of other antidiabetic agents. We studied subjects in the fasting state to avoid effects of eating on blood pressure. Future studies are needed in patients with type 2 diabetes.
Perspective
Diabetes and hypertension commonly coexist in the same patient. ACE inhibitors reduce mortality in diabetes and are used in combination with antidiabetic agents. This study examined the effect of DPP-4 inhibition on the acute antihypertensive effect of the ACE inhibitor enalapril. DPP-4 inhibition lowered blood pressure during placebo and lowdose ACE inhibition, but this effect was lost during higherdose ACE inhibition. Further, DPP-4 inhibition stimulated the sympathetic nervous system during maximal ACE inhibition. These findings, compatible with observations in the hypertensive rat, provide the first evidence for an interactive effect of DPP-4 and ACE inhibition in humans. Additional studies are needed to examine the interactive effect of these 2 drug classes when administered chronically.
